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Summary 

The immunogenic and antigenic determinants of a 
synthetic peptide and the corresponding antigenic 
determinants in the parent protein have been eluci- 
dated. Four determinants have been defined by 
reactivity of a large panel of antipeptide monoclonal 
antibodies with short, overlapping peptides (7-28 
amino acids), the immunizing peptide (36 amino 
acids), and the intact parent protein (the influenza 
virus hemagglutinin, HA). The majority of the anti- 
peptide antibodies that also react strongly with the 
intact protein recognize one specific nine amino acid 
sequence. This immunodominant peptide determi- 
nant is located in the subunit interface in the HA 
trimeric structure. The relative inaccessibility of this 
site implies that antibody binding to the protein is to 
a more unfolded HA conformation. This antigenic 
determinant differs from those previously described 
for the hemagglutinin and clearly demonstrates the 
ability of synthetic peptides to generate antibodies 
that interact with regions of the protein not immu- 
nogenic or generally accessible when the protein is 
the immunogen. 

Introduction 

Despite recent advances in molecular immunology, the 
detailed chemistry of antigen-antibody union and a com- 
plete description of the exact structure of antigenic deter- 
minants of proteins remained undetermined. Most of the 
early studies of antigenic determinants followed similar 
experimental protocols in which the reactivity of antibodies 
made to intact protein structures was determined on de- * 
natured and/or fragmented molecules (reviewed by 
Crumpton, 1974; Benjamin et ai. ( 1984), These methods 
led to proposals for the complete antigenic structures of 
myoglobin (Atassi, 1975), hen egg white lysozyme (Atassi. 
1978), and a nearly complete antigenic structure of serum 
albumin (Atassi et al., 1979). These antigenic sites were 
identified as either continuous, comprised of short linear 
sequences, as in myoglobin, or, more frequently discon- 
tinuous, comprised of residues separated in the amino 
acid sequence, as in lysozyme. However, more recent 
work with antisera to specific antigenic sites has chal- 
lenged the identification of these immunochemical^ de- 
fined antigenic structures (reviewed by Benjamin et al 
1984). For example. Hurrel et al. (1978) reported that goat 
antisera to soerm whale myoglobin were not at all inhibited 
by beef myogiob.n which should share the same determi- 



nant, residues 56-62. Also, goat antisera had vastly differ- 

ent affinities for pig and horse myoglobins with again, 

identical sequences in previously reported antigenic sites! 

56-62 and. 94-99. Similar experiments with myoglobin 

have been reported by East et aJ. (1980). 
Recently monoclonaJ antibodies have been used to map 

the antigenic areas of hen egg white lysozyme (Smith-Gill 
et al.. 1982) and sperm whaJe myoglobin (Berzofsky et al., 

1982). For example, the major lysozyme antigenic site 
(epitope) was proposed to include a region with dimen- 
sions of at least 13 x 6 x 15A which was shared by 
lysozymes of seven related gailiform species and was also 
outside the previously suggested antigenic sites (Atassi 
1978). 

A combination of three-dimensional structure analysis 
and virus neutralization studies has also been used to 
elucidate the immunogenic areas of a viral protein. X-ray 
structural determination of influenza virus hemagglutinin 
(A/Aichi/2/68, H3 subtype) by Wilson et al. (1981) led to 
a proposal of four antibody-combining sites which were 
implicated in viraJ neutralization (Wiley et al., 1981). Varia- 
tion in amino acid sequence of field mutants from 1968 to 
1979 (reviewed by Laver et al.. 1980; Both et al., 1983) 
and of variants selected in the presence of monoclonaJ 
antibodies (Laver et al.. 1979; Webster and Laver 1980 1 
Wiley et al., 1984) led to proposals for the amino acids 
involved in antibody binding and estimations of the ap- 
proximate dimensions for two of the sites (Wiley et al.. 
1981 . 1984). The antigenic structure of a different influenza 
virus subtype (H1, A/Puerto Rico/8/34) hemagglutinin was 
determined by mapping with monoclonaJ antibodies (Ca- 
ton et al., 1982) and the antigenic sites were broadly 
consistent with those reported for the H3 subtype (Wiley 
et al., 1981 , 1984; Underwood. 1982; Daniels et al.. 1984) 
AH the above approaches depend on defining antigenic 
determinants after immunization with the whole protein 
Consequently, it is difficult to localize precisely the anti- 
body-combining site and to define the extent and number 
of amino acids directly involved in antibody-antigen union. 
Changes in amino acids that alter antibody binding and 
specificity may not always be easy to interpret in the 
context of complex structures. For example, changes in 
one region of the protein may in some circumstances alter 
the conformation of quite distant regions. 

The generation of antipeptide antibodies that have pre- 
determined sequence specificity would seem to offer an 
alternative approach to the problem of understanding the 
general nature and structure of antigenic determinants and 
antibody-antigen interaction. Extensive use of synthetic 
peptides has demonstrated their ability to induce anti- 
bodies with predetermined sequence specificity that bind 
to almost any region of a protein (e.g., Green et al.. 1982) 
and recent studies have shown that a large percentage of 
monoclonal antibodies raised against synthetic peptides 
cross-react with the intact protein molecule (Niman et al., 
1983). Such antibodies can define antigenic determinants 
in proteins in that the antibodies bind to the intact protein 
as well as to the synthetic peptide. Since the antibodies 



Call 
768 



are no generated against the native protein, we refer to 
the determ.nants as in a protein rather than of a protein. 
The study of antigenic determinants in a protein defined 
by. antipept.de antibodies differs from the study of S 

ITZ de , terminants of P rotei "s defined by immunization 
w*h me ,n.act protein in that, as mentioned above the 

ete ™ nan ' S *"> often mora complex and frequently 

SETS ^ ° ^ fr ° m diS,ant parts * S Poty 
peptide cha,n. Th,s complexity makes these determinants 
less amenable to structural study e.ermmants 
In the present report, the structure of antigenic determi- 
nants .n a protein has been determined by using mono- 
clonal anybodies tha, bind to short synthetic peptPdes an, 
the* cognate sequences in the intact folded protein Since 
some o the antibody binding sites are essenL, SaoS 
able ,n the natrve trimeric molecule, our data suggest that 
conforma tl0 oa. changes in the protein may r^ece^e and 

SrSSf* f n,, 9 en - antib0 ^y ""ion. This could imply 
erther that a conformatonal change is induced by anfibocV 
bndrng , or that the antibody binds to a minor confomTa 
tional state of the protein «™orma 

AicSS?!^ 6 ,ocation of these in me n 

Aicrn/2/68 (X.31) hemagglutinin structure determined by 
W,lson et al. (1981) are presented. A new graphics prl 
gram (Connolly, unpublished) is used to examine the 
location of these peptide sequences in the three^Jimen- 

lS $ ^S U Xf eriVed fr ° m ,he x ' ray ^inates (Wilson, 
Skehel and Wiley, unpublished data). This program ex- 
tends the color raster display of solvent-accessible sur- 
faces Connolly. 1983a. 1983b). The new represented 
a«ows the surfaces to be interpreted easify by Sg a 
ball-and-stak model through its translucent molecular sur- 
face. The chemical structure of the protein can then be 
viewed simultaneously with its accessible surface 



Results 

Characteristics of Antipeptide Antibodies Selected 
for Peptide Binding Studies 

Monoclonal antibodies with predetermined sequence 
specify were generated by immunsing mice w *h a 
synthetic peptide coupled to the carrier protein keThole 
limpet hemocyanin. The synthetic peptide represents ^ 
•dues 75-1 10 in the HA1 chain of the H3 subtyi * 47 Z 
V.ctona/3/75) hemagglutinin (Min Jou et al ^ wh e n 
aogned w,,h the H3 subtype X:31 (A/Aichi/^SueJce 
^emoeyen et al.. 1980). Twenty-one different moSS 
antibodies were raised as described in Niman et al 0983) 
The ma,onty of these antibodies (16 out of 21) cross 
reacted strongly with X.47 influenza v,rus in enzyme- S 
immunosorbent assavs rPi i<?ai ™ m ="^yme iinKea 
Western Not! /t,k, 7> i ^ ™ m unoprec.p.tation, or 

L! T If ° -mmunoprecipitation. although two of 
hese five d,d show cross reactivity under the more dena 
tunng Western blot conditions (Niman et al., 19S Thus 
most o, tnese 21 mibodies zfid ■ «ft T us 

z tistjzs (hey were rased ' *• **> - 

virus. The 18 ant-bod.es were used to test further cross 



^ ^ 6ntire brom ^"-released hemaggutinin 

^c^!Z2T" ies Cross " React with the 

The majority of the antipeptide antibodies cross-reacted 

in ELISA. The trters for the binding of antibodies to ntac 
proton were ,n the same range as those for binding ,0 tS 
-ntac. P ept,de (Table 1). Binding activity is expressed £ 
amount of antigen, seriafly diluted and fixed TSSl 
Plates, which gives half-maximal binding when a constS 
oTTJi: 10 ? ,m0,eS) °' * ThVb ndtg 

to m ° n ^ 0nalS 10 8HA ran ^ 50 fmoles 

to >5000 fmoles and binding to the 36 amino acid parent 
synthe c peptide varied from 60 to 1700 fmoles ThuTS 
monoc onate varied by two logs in their binding profile? 

h2 EE* 88 that h3d WCaker ha "- maximal «**0 also 
had lower max.mal plateaus when recorded in ELISA 
These results confirmed earlier identification of different 
reac hes of the antibodies with peptides and the S 

el I ^ m ^ eCiPitati ° a and Westem blote (Niman 
et al.. 1983). Hybndomas H23F10. H26D02 and H17B11 
cross^eacted with virus in ELISA or Westem blots, but no 
S 22 roTHi7r^ P ' tati0n 3SSayS - HyWoWi H17D12. 
in any of these assays. The latter six hybndomas (i e 

teaus and weaker half-maximal binding in EUSA Some of 
Jeant.bod.es did appear to bind bette?to the intact 
than the free pept,de (e. g.. H19O03. Table 1), although it 

*° quan,i,ate accurat ^ the amount of each 
antigen bound to the microliter plates. 



Chemical Identification of Antibody-Binding Sites 

s^esTd2, C r k h Ca, : dentifica,ion °' the antibody-binding 
m£L^ desenbed ,n detail elsewhere (Niman et al.. sub 

JTn 4) LTh?^ PeP,ideS ^ SP6Cify the bindi "9 
ates (1-4) are shown ,n Figure 1. The binding activities of 

the hybndomas are listed in Table 1 . Analysis orthe bindinq 

b nd t ^ m ° St ° f « he ™^ -nSSS 

,h^i PSP de ^ 3 se * ence substantially shorter 
than the parent peptide. Several smaller, overlapping syn- 

TntL^ 8 l Unhe ' l0Ca)i2ed the WcJTto which 
antibodies bound and showed binding titers approximately 
equivalent to that of the parent peptide 

rnnlnl 0 / "* 18 monocton »'» ^acted with peptides 

EST? I,™? ort sequence 0< ■» P«« mo ' ecu,e 

'• ^ JU 02 through H26D08). The data indicate 
S «Z h / bndomas bind to residues in the 36 am.no 
acid synthetic peptide that correspond to HA1 residues 

^1 ISl S6qUenCe (Si,e 4) is iden t ifi ed not by binding 
o a single peptide with sequence 98-106. but by binding 
to a senes of overlapping peptides (Table 1 . Figure 1 ). The 
use of overlapping segments is necessary because pep- 
hdes o l,m.ted sequence length may not have all residues 
available for antibody bmd.ng when they are attached to 
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Table 1 



Ab Site Virus 
23D02 4 + 



21C08 
19B19 

2ecet 

24E07 
16E07 
20A09 
26008 
20P04 
17009 
1 7B1 1 
16C08 
23F10 2 
23605 3 
1900 J 1 
26002 4' 
22F05 *• 
17012 4' 



Ab Site 
23002 4 
21C08 4 
19610 4 
20C01 4 



24E07 
16E07 
26A09 
26008 
20F04 
17009 
1781 1 
16C08 
23F10 
2 3805 
19003 
26002 
22F05 
17012 



Ab Sit* 

23002 4 

21C0S 4 

19610 4 

20C01 4 

24E07 4 

16C07 4 

26A09 4 

26008 4 
20F04 
17009 
1761 1 
16C08 

23F10 2 

23605 3 

19003 1 

26002 4* 

22F05 4* 

17012 4' 



MA 

1-503 
100 
140 
490 
310 
160 
190 
50 
120 
390 
420 

2000 
>S900 
380 
400 
120 
780 

1500 
420 



75-110 
70 
70 
140 

160 
90 
160 
60 
80 
1700 
420 
1300 
1000 
1490 
1600 
840 
1300 
250 
1700 1 

9 

83-110 
330 
180 
330 
460 
290 
290 
130 
180 

>75000 
> 75000 
>75000 
>7S000 
7300 
> 75000 

15O00 
9100 

17 
98-104 



200000 
200000 
^400000 
200000 
200000 
60000 

100000 
>40O0O0 
>4O0000 
>4 00000 
>4O0OO0 
>4O0OO0 

>4ooeo0 

>4000O0 
400000 
400000 
400000 



2 

52-86Y 
>3000O 
>30OO0 
>30000 
>30000 
>3O00O 
>3OOO0 
>30O00 
>30000 
>30000 
>36600 
>30OO0 
^30000 

I 900 1 
>3200O 

| 11001 
>30OOO 
> 30000 

>3oeoo 

10 
87-94 

>55oeeo 

>550000 
>550000 
>550000 
>550OOO 
>550000 
> 550000 
>550OOO 
>55O000 
>550000 
>55OO00 
>550OOO 
>55OOO0 
>550OOO 
>550000 
^550000 
>5500OO 
>550000 

18 
98-105 
70000 
40000 
>3500O0 
200000 
200000 
200000 
20000 
45000 
>350O0O 
>35O0OO 
>350000 
>3500OO 
>350O00 
>3S00Oe 
>3500O0 
350000 
350000 
350000 



3 

Y75-82 
>25OOO0 
> 250000 
>2500OO 
>25OO0O 
> 250000 
>250OO0 
>25OOO0 
>2500OO 

>250oee 

>2500OO 
>250OOO 
>25O00O 
>250OO0 
>25O0O0 

>250oee 

>25000O 
>2500OO 
>2S0OO0 

11 

88-110 
170 
150 
180 
200 
170 
200 
120 
1 50 
>7O00O 
> 70000 
> 70000 
>70OOO 
> 70000 
> 70000 
> 79000 
15000 
15000 
6900 

19 
98-106 
3900 
3900 
30000 
30000 
3900 
15000 
3900 
7900 
>250OOO 
>25O000 
> 2 50009 
> 250000 
> 2 50000 
> 250900 
>2SOO0O 
250000 
250000 
250000 



4 

75-84 
>20OO00 

>2oeeoo 
>2oeeoe 

> 200000 
>200000 
> 2 00000 

>2eeooe 

>200000 

>2oeoo0 

>2OOO00 

>2oeeo0 

>2O0OO0 
> 2 00000 
>200000 
> 2 00000 
>200OO0 

>2eoooe 

>200000 

12 
91-99 
>2SO000 
>25OO00 
>25OOO0 
>25OOO0 
> 2 50009 
>25OO00 
>2S0000 
> 250000 
>25OOO0 
> 250000 
>2SO0O0 
> 250000 

>2seoee 
>25oeee 
>2seeoe 

>25OO0O 
> 2 50000 
>230090 

20 
99-106 

1 790 1 
300000 
2800 
|950| 
2200 

>30O000 
>3O00O0 
>3O0000 
>30OOO0 
>300O0O 
>3OO000 
> 300009 
300000 
300000 
300000 



5 

75-86 
^200000 
^200000 
> 200000 
> 2 00000 
>20OOO0 
>20060O 
>200000 

>200000 
^200000 

/ivvvvv 

V^AAAAA 

^* vwuv 
20600 

>2oeooe 

| 6300 f 
^ 200000 

13 
93-110 
360 
320 
500 
630 
420 
560 
230 
420 
> 150000 
> 150000 
>1 50000 
> 150000 

>1 4AOAA 

> 1 50000 
> 150000 
65000 

65000 
21 

100-106 
3200 
2800 

4900 
6500 
9700 
2400 
4900 
^400000 



> 400000 
^400000 
>4OO0O0 
«, t ftftnnn 

>4oeeo0 

400000 
400000 



6 

Y75-89 
> 150000 
> 150000 
^ 1 50000 
> 150000 
> 150000 
> 150000 
> 150000 
> 150000 
> 150000 
> 150000 
> 150000 
> 150000 

f 6500 | 
> 150000 

{ 5900| 
> 150000 
> 150000 
> 150000 

14 
95-102 
>30000O 
>3OO000 
>3OO000 
>3O0O00 
>3O0000 
> 3 00000 
>3OO000 
>3O000O 
>30OO00 
> 300000 
>3O000O 

>3O0oee 

>300000 

>30oeee 

>3OOO00 
>300000 
>3O0000 
>300000 

22 
100-108 
2000 
2000 
4000 
6700 
2000 
4000 
1700 
2000 
>200000 
> 200000 
>200000 
> 200000 
>2000O0 
> 200000 
>20O000 
200000 
200000 
200000 



7 

79-87 
>250OO0 
>250000 
>25O0O0 
>2500©0 

>25eeee 

>25O000 
>250000 
>25OO0O 
>2500O0 
>25OO00 
> 2 5O000 
>2500OO 
) 3900 ( 
>25OOO0 
>2500OO 
> 250909 
>250000 
> 2 50000 

15 
97-106 
330 
990 
1300 
1100 
650 
830 
210 
760 
> 250000 
>250OO0 
> 2 50000 
>2S000O 
> 2 50000 
>250000 
>250O00 
100000 
100000 
100000 

23 
103-110 
>300000 
>3O0O0O 
>30OO00 
>3000O0 

>3O0O00 

>3000O0 
>30OO00 
>3O0OO0 
>300000 
>300O00 
>300000 
>30OO00 
>300000 
>300O00 
>300O00 
>300000 
>300000 
>3O0000 



8 

83-92 
> 250000 
>250000 
> 2 59000 
>250OOO 
>250OO0 
>250OO0 
>250OO0 
>250OO0 

100000 
>250OO0 
>250O0O 
> 2 50000 
>250OO0 

I 38001 
>250O00 
>250000 
>2 50000 
>250OOO 

16 

* 98-110 

440 

580 
370 
440 
290 
440 
160 
180 
> 150000 
> 150000 
> 150000 
> 150000 
> 150000 
> 150000 
> 150000 
1 50000 
150000 
1 50000 

24 
104-139 
>65000 
>65OO0 

>6seeo 

>65O00 
>65OO0 
>65000 
>6S0O0 
>65000 
>65000 
>65OO0 
>6S0O0 
>65000 
>6500O 
>6S000 
>650O0 
>650O0 
>65000 
>65000 



"pwppo fgpowB >jvvovv >65090 

W^W^Z^^™ ^ ** 38 *" • nourt 01 ***** * "** ctfuted and f,*ed on mootiter 

pme^tof^f^ax^b^g when a constant amount ot anybody MOO fmotes) is added. Some of the peptide antigens can dfcite out equ.vaientty such 

* ^IT" *** qUantrt * eS - H0Wev6f - abSOtute ~" *** «■ ^teau may differ « E^A ZZeZ 

Z^Z'ITZT^^^ ^ Such towered fcnding actMt«s can Pe expiated erther by anybodies tnndir*, strong* to the 

£ £ 1^1°^ ™ ™ 0t *" * by ***** v*™*** anybody omding to the ant^en. For e7amp7peptides 

Z^ ' *e h^^b^ ^ ^ l ° ^ 9te *• that soectyZ anionic chants 

^rl^ n M ^TJ? **** t *** >9 10 ^ * *°" n f0f EUSA ' Wes,em ^ mmunopreciprtat»on assays. Significant 

^.rj^l T T'JJT*™* 3 (+K *** ,n 006 " ^ °' the «"■» b * a (0). and rx, br^g ,n any test by a (-) T*£pw. 
numbers are as shown m figure t and the anttood.es and virus titers are as described in Niman et al. 1963. 



microtiter plates. Hence nested fragments around the 
binding site can specify the amino acids involved in anti- 
body-antigen binding. Three hybridomas (H26D02. 
H22F05, and H17D12) also bind in this region but cannot 
be localized further than to the sequence 88-1 10. 

Three different antibodies can be localized in their bind- 
ing to sequences ai the amino end of the parent peptide. 
These binding sites overlap and are identified as site 1 , 



site 4. The remaining four monoclones (H20F04, H1 7D09, 
H17B11, and H16808) have negligible or extremely low 
binding to any peptide shorter than the parent peptide and 
cannot be localized to any particular subsequence. 

A Model for the Structure of the Antigenic 
Determinants of the Synthetic Peptide 

Eleven out of 18 of the monoclonal antibodies recognize 

' ' " u ' "nrtn^ontc ^^ntamorj m fho 





peptide 75 80 85 90 95 100 105 no 

-__ . UUHRS #RA Wes Synthesized for Binding Studies to Anti-PeX 

2 ■-— — ___Z_T " n-no tide Monoclonal Antibodies 

The parent sequences against which the mono- 
clonal antibodies were raised correspond to resi- 
dues 75-1 10 (X:31 numbering) of influenza virus 
X:47 HA1. Three peptides (2. 3. 6) have a tyrosine 
78- a? prepended or appended to the fragment (desig- 



3 y— 58- fle 

A 7*- 82 

3 , . 84 

6 Y 75- se 

7 75 



• «- m a Y >- T *o Peptides (2. 24) extend 

■° _ " before or beyond the sequence 75-1 10 The se- 

. *]' 94 quences »o which the majority of the antibodies 

— — — - l*~Z ^^^tob^ineuSAaredesQnatedsites 

14 " "-no 

15 " ~ 95-102 

16 97-106 

I? 96-1 10 

IS 98-104 

19 98-103 

20 98-106 

21 " — 99-106 

22 100-106 

23 " 100-106 

24 ~ 103-110 

SrTE I 104-139 

SITE 2 m 75- 86 

SHE 2 79- 66 

srrc 4 63- 92 

— 96-106 



one of two main areas of the parent peptide. Three se- 
quences are around the amino terminus of the peptide 
(srtes 1-3, residues 75-92) and one is near its carboxvl 
end (s,te 4 98-106. Figure 1. Table 1). The data ££S 
1 1 monoclonals are consistent with a model in which the 
armgemc determinants consist of short, linear segments 
of polypeptide chain, spatially separated from the other 
rescues .n the peptide. It is interesting to note that the 

mr^T!! 00 ?* T eSe Se9men,s ad0 P l in native 
molecule has sites (2-4) each consisting of a single stretch 

of extended chain sandwiched between bends figure 2) 
Srte 1 vanes somewhat from this structure in that it contains 
two extended chains connected by a bend at residue 80 
(Figure 2). Four of the antibodies cannot be localized in 
binding studies to a short peptide and may recognize a 
more complex tertiary fold of the 36 amino acid peptide 

The immunodominant region, site 4, which corresponds 
to sequence 98-106 is shown on a model of the peptide 
75-110, in Figure 3. This antigenic determinant corre- 
sponds to no more than 25% of the total amino acids in 
the sequence 75-110 and in the native conformation has 
accessible surface area of 763 sq. A (24% of the total) 

Tr 79 ; 86 - has m accessibte surface 

fZJ . ■ * P - Wh6n cataj "8d in the conformation it 
adopts ,n the native protein. The dimensions of sites 2 and 
4 are approximately 13 x 22 x 12A and 12 x 22 x 14A 
respectively. ' 

These structural renderings represent an idealized situ- 
ation for engaging recognition by antibody in which both 
the free peptide and the intact protein can obtain the same 
conformation. The determination of the correctness of this 
or any other model must await further structural studies of 
me peptide and peptide-antibody complex. Whichever 
model turns out to be correct, it is already clear that the 



majority of these antipeptide antibodies recognize deter- 
minants which are short, linear segments of the polypep- 
tide chain and differ markedly from the assembled topo- 
graptncal determinants generally described for the anti- 
genic sites of proteins when the intact protein is the 
immunogen (Crumpton, 1974; Benjamin et al 1984) m 
contrast, the four antibodies that cannot be localized in 
binding studies to a short peptide segment may recognize 
determinants which more closely resemble complex as- 
sembled topographical sites. 

Location of the Synthetic Peptide in the Protein 

Analysis of the structure of the antigenic determinants of 
the synthetic peptide is at present, as stated above, 
hampered by uncertainty abut the conformation of the free 
peptide in solution. However, many of these difficulties are 
abrogated by analyzing the structure of the peptide and 
the sequences defining the antigenic determinants in the 
native protein. The antibodies have approximately equiva- 
ent binding titers with the free peptide and intact protein 
(Table 1) and hence the antigenic determinants are shared 
by both. 

The location in the hemaggutinin molecule correspond- 
ing to the 36 amino acid chemically synthesized peptide 
is central in the globular head region of the HA1 polypep- 
tide chain (Figure 3. Wilson et al.. 1981). This peptide 
consists of six segments of extended polypeptide chain 
connected by a series of bends. The amino and carboxyl 
ends of the chain contain three bends and a helix The 
peptide contains residues which are either on the surface 
irw 91_96) ' buried in the monomer (83-91, 97-99. 
,Y™ 1 !?'' ° f essentia "y '"accessible in the trimer interface 
(100-107) (Figure 4). When considered as part of the 
native monomenc protein, the peptide has an accessible 
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Kgue 2. Stereo Drawing of the a-Cartxxi Trace of the X:31 Influenza Virus Hemagglutinin Monomer 

^IT^ ^ 0 TZ HTL^ J? ^ 1^ * *" ^ ^ " of each cha. ,s represented by N ana C. 

^oecnveiy. The locaoon of the sequence of the chemcatty synthesized peptide, residues 75-110. .n the hemagautr^ nx>lecuJe Tsnown <n vLow w ,rh 



s^'ace area of 1293 sa A (to a probe of radius 3.0 A) 



the peotide in the trimeric hemagglutinin molecule (Figure 






The cxtcmauon the pep,* m „ _ . k • "* ^ " ^o^tion , Adopts k, the Oysta. 
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residues 96-97 and 7S fti ff d 97 ' Such tnat 
acce SS ib,e JLTtHZ^ 1^™™ be » * 
interface (100-107 Fn,LT k? * in tne trim er 

accessible surface a«; it ie , »«J uen ce 83-91 has no 

monomer. * com P lete| y buried, even in the 

bodies h ^jirsri^i , ! ,e monoc,ona ' 

mation of the oeotiZ It Z and con,or " 

combined toleSZ « ^ S,ruc,ure «" °* 
mmants in the Zt n n T^! * °' the an,igenic ^ 
Peptide 98- Sas S',s^ " m ° S ' "» < he 



oeo^ 79 " 86 ' 35 3 ^tative of the 
S/fe 7, Residues 75-86 

Srte 2, Residues 79-86 

are^ust^^' 6 *"* for the resid ^ 79-86 
are clustered around rescues Gin 80. Asn 81 and Glu 82 

snaiiow flat surface with dtmensions 9 x 17 x 5A (Fioure 

%££zzsr in ,his sequence - — 

Duned except for the sidechain of Asp 85 
Sffe 3, Residues 83-92 

iS 6 f emia " y bUfied exce " ^me of the 
atoms of restdues at each end. The data (Table 1 ) suooest 

w'h ioroxim? h 0fTT1 3 Sh3rP Pr0,rusion in structure 

CSS S '° nS ' 4 X 9 * 8 * " ™ e ,han 
these three residues are recognized, the antibody would 
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Figure 4. Stereo Drawing of an a-Carbon Trace of the Hemaggtutmtn Trimer wrm the Solvent-Accessible Surface of the Peptide 75- 1 10 
The globular heads of the trimer are shown (coking down the 3-fold axis, from the end furthest from the membrane end of the hemaggJutmm molecule. The 
peptide (75-1 10) *<arbon trace is shown in yeflow with its sorvent accessible surface represented by yellow dots, except for the irmxjnocominant sequence 
(98-106) of the peptide, when is represented by red dots. The sequence 98-106 has residues accessible to a probe the size of a water molecule or small 
ions, but is inaccessible in this conformation to larger molecules such as immunoglobulins. 



have to bind to a more unfolded structure of the protein 
molecule, as the other residues are inaccessible in the 
native conformation. 
Site 4, Residues 98-106 

This sequence lies in the trimer interlace and has surface 
accessible only to small ligands for residues Tyr 100, Asp 
101, Pro 103, Asp 104, Tyr 105, and Ala 106 (Figure 7). 
The peptide binding studies indicate that the binding can 
probably be localized to residues 100-106. These residues 
as with site 2 form a fairly flat, slightly convex surface, 
embedded in the rest of the protein surface, with approxi- 
mate dimensions 16 x 15 x 7 A. This peptide contains 
two prolines, two aspartates, and three tyrosines and may 
be conformationally restricted as a result of the more 
limited torsional angles of proline residues. Unless the 
antibody hypervariable loops can protrude into the cavity 
in the trimer interface, the structure indicates that the 
sequence would be inaccessible in the trimer to antibody 
binding. Thus antibody binding is suggested to occur to a 
structure in which the hemagglutinin monomelic heads are 
exposed and which represents a conformation different 
from the native hemagglutinin tnmenc structure 



Discussion 

The study of reactivity of overlapping peptide fragments 
with a panel of monoclonal antibodies has identified se- 
quences within a 36 amino acid peptide that are immuno- 
dominant in producing hybridomas that react equivalently 
in ELISA binding studies with the intact hemagglutinin and 
virus. Thus an antigenic determinant, that is, the region of 
the molecule to which an antibody binds, can be identified 
not only for the synthetic peptide but also for the intact 
antigen. With caveats in mind about the uncertainty of the 
conformation of the free peptide (see Results), the question 
of which amino acids constitute an antigenic determinant 
and what is the nature of antibody- antigen union is ad- 
vanced by these results. 

One sequence of nine amino acids (98-106) is proposed 
to be immunodominant in producing antibodies against 
the 36 amino acid peptide. The findings agree with those 
of Muller et al. (1982) in that our sequence is contained in 
the 98-108 peptide used by them to generate antibodies 
against the A/Texas/1/77 (H3 subtype) strain of influenza. 
Only three of the panel of antibodies can be localized to 
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Figure 6. Close-up Stereo View of the Sotem-Aecessible Surface around the Seouenc* tHT^^^T^^^^^^^^ 

Display Unit 6 be< * jence 79 -86 (srte 2) m the Hemaggiutirun Structure Qsplayed on a Raster 

A ball-and-stick representation ol the solvent accessible atoms of the sequence 7<Uflfi M „ k- , ~ 

nitrogen, and oxygen atoms are cokxed green, tight Woe, ™red ^rX Th^^™ T *" ,ranS^UCen, ™ ^ <**"• 

the 75- 1 10 sequence embedded In the HA1 porypep«oe (ye^T' "on-translucent blue surface shows the other surrounding rescues ot 



map to a different- region (sites 1-3). Seven others react 
with the complete peptide, or larger fragments, and pre- 
sumably are comprised of amino acids spatially separated 
on the sequence, as has been identified for antibody- 
combining sites of intact protein antigens such as the 
hemagglutinin (Wiley et al.. 1981) and neuraminidase (Col- 
man et al.. 1983) of influenza virus. 

The location of the antigenic sequences are on the 
surface, in the trimer interface, or essentially buried even 
m the monomer. None of these sequences protrudes 
parttcularly from the surface in the native protein structure- 
they are presented as slightly convex surfaces comprised 
of 3-10 ammo acids surrounded by the rest of the protein 
(Figures 6 and 7). These simple antigenic sites differ 
markedly from the complex nature of antibody-combining 
sites described after immunization with the intact hemag- 



glutinin protein (Wiley et al.. 1981) as well as other intact 
antigens (Crumpton. 1974; Benjamin et al., 1984). 

It is interesting to consider the nature of antigenic deter- 
minants in terms of what is known about antigen-combin- 
ing sites of immunoglobulin molecules. The structure de- 
termination of myeloma proteins (reviewed by Amzel and 
Poljak, 1979), either of intact IgG molecules or fragments 
such as Fab's, have shown the hypervariable regions to 
be located around a cleft at the distal ends of the molecule 
Binding studies with myeloma proteins have shown that 
small ligands such as vitamin K (Amzel et al 1974) or 
phosphorylcholine (Segal et al., 1974) bind to antibodies 
m this region but occupy only a small portion of the 
potential antigen-binding site. Characterization of the bind- 
ing sites of hybridoma antibodies specific for a(1— 6) 
linked dextran showed that an antigen of about 5-7 hex- 



°' ' ^ "~ - * **» H^Ntng the Locate o, «. Sequence ,5- u 0 
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Figure?. dose-up Stereo View of the Sotvent-AccessiWe Surface awrtteSea^ 

on a Raster Oisplay unit 106 ******* 98-106 (site 4) tn the Hemagglutinm Monomer Structure Displayed 

The other two monomers of the tnmer are removed for the surface cam**** ^ aW « ^ ^ 

o^vent-access^e surface , the monomer of tr*^^ ^ A 

colored green, light blue, and red. respectivefy The no^anskjJnt r^T^T^ ^ tranS,ucent ^ C. N, and 0 atoms are 

embedded the HA1 P^*e chan °' the ~« 75 -"° 

coif of the fibrous stem of the tnmer. ^ of the long hefoc of HA2 (around readues 73-78) which form the start of the triple-co.ied 



oses was complementary to the binding site of IgA and 
IgG antibodies (Sharon et ai., 1982). However, these anti- 
dextran antibodies have been shown to differ in their 
specificities in that some antibodies bind to the non- 
reducing end of the dextran whereas others bind to the 
middle six hexoses(Cisar etal., 1975;Kabat, 1978) These 
results have led to suggestions of different shapes of the 
antigen-combining sites as pockets (end-binding to dex- 
tran and McPc603 phosphorylcholine-binding antibodies) 
or lengthy grooves (six middle hexose-binding antibodies) 
or shallow grooves (Newm, menadione-binding antibodies) 
(see review by Davies and Metzger, 1983). Our calculation 
of the accessible surface of the pocket formed by the 
hypervanable residues of Fab Newm (Amzel et al.. 1974) 
shows the potential binding surface to be 44 x 35 x 34 A 
in dimension with an area of 2400 sq. A. The antigenic 
deterrm-ants of the free peptide reported here have di- 
mensions in site 1 of 18 x 23 x 14A, in site 2 of 13 x 22 
* 12A, in site 3 of 29 x 13 x 1 1A, and in site 4 of 12 x 
22 x 14A and with accessible surface areas in the protein 
of 850-1160 sq. A. Thus peptide determinants of these 
dimensions would occupy a sizeable portion of the antigen- 
binding site of the antibody molecule. 



Finally, and perhaps most importantly, the ELISA binding 
data presented in this paper suggest that antibodies can 
bind to a structure different from that of the native trimeric 
antigen and consequently the protein may display confor- 
mational mobility.at least in local regions. Conformational 
changes affecting the quaternary structure of the hemag- 
glutinin molecule have been identified previously. For ex- 
ample, such changes have been implicated in the fusion 
activity of the virus with the target membrane of the host 
cell. Perturbation of the structure by low pH (pH 5.0-5.5. 
Skehel et al., 1982) results in a change in conformation 
such that the previously buried fusion peptide is extruded. 
The molecule can then be cleaved with trypsin to obtain 
intact monomeric heads that have selectively modified 
antigenic activity (Daniels et al., 1984). In addition, unless 
amino acid substitutions affect distant regions in the mol- 
ecule, one of the proposed sites in the hemagglutinin to 
which neutralizing antibodies against the intact molecule 
bind (Site D. Wiley et ai.. 1981) would require binding to 
residues in the trimer interlace and hence binding to a 
conformation different from that of the trimeric molecule 
Studies of apomyoglobrn and holomyoglobm have aiso 
suggested that antibodies can bind to alternative contor- 
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mations of protein molecules (Crumpton, 1974). Upon 
reaction with antibodies, brown holomyoglobin formed a 
white precipitate, suggesting that antigen-antibody union 
shitted the equilibrium toward a protein structure that 
excluded the heme moiety. 

A thorough understanding of how antipeptide antibodies 
bind to proteins will require further studies. The question 
of whether antibodies induce conformational changes (or 
•meif the protein) or whether they bind to minor confor- 
mations which the protein has access to in solution has 
still to be answered. Clearly, successful antibody binding 
in ELISA on microtiter plates indicates that under these 
condition^ both the peptide and protein can obtain con- 
formations favorable for antibody-antigen union. To un- 
derstand the detailed chemistry of antibody-antigen union 
in solution, we need to measure binding constants of the 
antibodies with each of the peptides as well as with the 
intact protein. Preliminary results with peptide competition 
studies already indicate that even the short peptides («9 
amino acids) can bind and displace the larger peptides in 
immunoprecipitation assays, although with lower efficiency 
(Bergmann and Wilson, unpublished data). 

The complete determination of the structure of peptide 
antigenic determinants awaits the determination not only 
of the free peptide conformation but also of the confor- 
mation of the peptide and of the intact protein when 
complexed with such an antipeptide antibody. Such stud- 
ies, using x-ray crystallographic methods and N.M.R, spec- 
troscopic techniques, are in progress here and in other 
laboratories. ; 

Experimental Procedures 
Synthesis of Peptide* 

Peptides were synthesized by the solid-phase method (MemfieW, 1964; 
Hougnten et al.. i960), using a Beckman Model 990B peptide synthesizer. 
A representative synthesis follows. One gram (0.5 m£q approx.) of N-tert- 
butoxyi-carbonyi-amino-acid resin was used m coniunction with the following 
sidechain protecting groups: O-bromo OenzyloxycamonyHtyrosine and ly- 
sine). e-N-tosyt (argmine). O-benzyl (glutamic acid, aspartic acid, threonine, 
and serine) and dinitrophenyl (histidine) and N-formyt (tryptophan). Pro- 
tected amino acids were recrystallized trom appropriate solvents and their 
punty vented by thm layer chromatography. The couplings were earned 
out with a 10- low excess ot protected ammo acid and dicytcohexyi- 
camodwrnde. An equimoiar quantity ot N-hydroxy- benzotnazole was added 
to the protected asparagine and glutamine BOC -amino acids, with di- 
methyltormamtde as solvent. All couplings were 99% complete as assayed 
by the picne acid test. The dinitrophenyl residue was removed from histidine 
with mercaptobenzene poor to hydrogen fluonde (HF) cleavage. The pro- 
' tected peptide polymers were then treated with rwice their weignt ol anisoie 
and 40 times their volume (relative to weight) ot anhydrous HF for 1 hr at 
4°C. After removal ot the HF with nitrogen, the residue was extracted three 
times with ether (3 x 50 ml) and dried m vacuo. The resulting mixture of 
peptide and resin was extracted three times with 5% acetic acid, filtered, 
and dried in vacuo. The amino acid analysis indicated that all the peptides 
had amino acid compositions that were ±5% of their theoretical values 

The peptides were synthesized according to the amino acid sequence 
ot X;47 (A/Victona/3^75) influenza virus hemagglutinin predicted from the 
nucleotide sequence (Min Jou et al.. 1980). in this paper, the sequence 
numoer corresponds to the predicted amino acid sequence ot A/Acnv'2/ 
68 (X 3 n (Vernoeven et al . i960) and the X 31 structure aeterm.natK>n ot 



Preparation of Antipeptide Antibodies 

A peptide (75-1 10) of HA 1 hemaggtutmm was used to immunize 129G1X+ 
mice as described (Niman et al., 1983). Spleen cells were fused with SP2/ 
0 myeloma cells with poryethytene gtycoi 1500 (Baker). The cetts were 
resuspended with 400 ml of Dutoecco's high glucose minimal essential 
medium containing 10% fetal calf serum. 100 *M hypoxanthine. 1.0 ?M 
methotrexate and 16 thymidine and plated into 30 microtiter plates and 
grown as described (Niman and Elder, 1980). The 1 8 cell lines produced 
are those previously described (Niman et al.. 1983). 

Antibody Binding Assays 

Reactivity of the hybridomas was Determined in enzyme-linked immunosor- 
bent assays (EUSA). The antigen, diluted in phosphate-buffered saline (pH 
7.4), was dried onto microtiter plates, fixed by methanol and incubated with 
tissue culture supernatant as described (Niman and Elder. 1982a). The 
microtiter plates were thoroughly washed and binding was detected by 
addition of rabbit anti-mouse it-chain (Litton) and followed by a glucose 
oxidase-conjugated goat anti-rabbit antisera (Niman and Elder. 1982b). 

Excess goat anti-rabbit antisera was washed off and the reaction was 
developed by adding ABTS dye (Boehringer. Mannheim) in the presence 
of glucose and horseradish peroxidase (Niman and Elder. 1982a). The 
plates were read in a Titertek Murtrskan at A414 and the values presented 
as the amount of antigen at which 50% of the antibody was bound. 

Correlation of Peptide Antigenic Sites with Hemagglutinin 
Structure 

The x-ray structure on which the analysis of the location ot peptides and 
their cognate structure in the intact Hong Kong 1968 hemaggutmin was as 
determined by Wilson et al. (1981). Previously described neutralizing anti- 
genic determinants were as proposed by Wiley et al. (1 981 ) and Oaniels et 
al. (1984). The coordinates for the analysis were provided by Wilson. 
Skehel and Wiley (unpublished data). Computer analysis of the peptide 
and protein structure was performed on a DEC VAX 1 1/750 and displayed 
on an Evans and Sutherland color Multi-Picture System. The structure 
representations were photographed directty from the Picture System using 
the GRAMPS (O'DonneU and Oisoa 1981) and GRANNY (Connolly and 
Oison, submitted) and MS (Connolly, 1983a, 1983b) programs, The raster 
images were created by solvent accessible surface programs (Connoiry, 
1983a. 1983b) with recent enhancements (Connolly , unpublished) and 
displayed on an AED 767 frame-buffer raster display. 
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